Purpose Traumatic shoulder dislocation may be complicated by concomitant bony injury of the glenoid rim or the humeral head. In Hill-Sachs lesions, reconstruction techniques vary widely and range from open reduction to tendon transposition or humeral head derotation. These operations are extensive and have questionable outcomes. With the expertise from vertebral compression fracture reduction by kyphoplasty, we examined in a cadaver feasibility study whether reduction of the Hill-Sachs lesion via hydraulic lift might be an anatomical and minimally invasive treatment option. We postulated that the use a of a balloon-assisted kyphoplasty reduction could achieve almost anatomical correction of the defect. Methods We created Hill-Sachs lesions in six humeral specimens and performed a computed tomography (CT) scan before and after reduction with the kyphoplasty system. The entry point at the greater tuberosity and balloon positioning was visualised by fluoroscopy. The size of the HillSachs lesion before and after reduction was measured using CT scans in the axial orientation. Results Using the balloon kyphoplasty system, we achieved a statistically significant reduction (80 % ) of the Hill-Sachs lesion. Conclusion In a preliminary cadaver study we show that using a balloon kyphoplasty system might be an alternative treatment option for Hill-Sachs lesions, with reduced collateral damage that can occur with other minimally invasive techniques. Future work is needed to evaluate the technique under arthroscopic conditions.
Introduction
Due its anatomy, the shoulder is one of the most mobile and least constrained joints in the body, and its range of motion in several planes may be accompanied by pathological instability. After a traumatic shoulder dislocation, neurological deficits, rotator cuff tears or fractures of the greater tuberosity or glenoid can appear [1, 2] . Numerous factors have been identified as potential risk factors for recurrent instability, including short postoperative immobilisation, younger age, contact sports, poor glenohumeral ligament quality, bony Bankart lesions and Hill-Sachs defects [3] . Hill-Sachs lesions are cortical impression fractures of the humeral head that involve 10-30 % of the articular surface [4] . These lesions result from high-energy impact of the humeral head against the anteroinferior or posterior glenoid rim and occur typically in shoulder dislocations. Incidence varies between 47 % and 80 % for anterior and up to 100 % in posterior dislocation events [5] . The Hill-Sachs defect is usually centred at a mean of 209°along the axial axis of the articular surface, with an average defect arc of 52° [6] . It is well known that recurrent dislocations increase the defect zone [7] . Whereas the concomitant Bankart lesion must be addressed in most cases, the Hill-Sachs lesion is rather often disregarded unless it engages at the anteroinferior rim of the glenoid and causes recurrent dislocations [8] . Nevertheless, the Hill-Sachs lesion-graded by defect depth by Calandra et al. [9] -and the inverted-pear glenoid were found to be the main reasons for failed arthroscopic shoulder stabilisations [8] . Itoi et al. and Yamamoto et al. evaluated the importance of the bony defect in anterior shoulder instability and outlined a therapeutic treatment method [10] . Whereas there is consensus that bony glenoid defects >21 % of the glenoid surface must be addressed by anatomical (e.g. Jbone graft [11] ) or extra-anatomical reconstructions, such as the Latarjet procedure [12, 13] , surgical interventions for Hill-Sachs lesions are diverse. For lesions comprising 20-40 %, several approaches have been described ranging from percutaneous correction [14] evaluated in the cadaver model to clinical interventions such as arthroscopic interference screw insertion, remplissage manoeuvres [15] , osteochondral allograft transplantations [16] and rotational osteotomies [17] . Shenoy et al. [18] described the use of the lateral clavicle as an autograft to repair reverse Hill-Sachs defects, and the use of allografts has also been described [13] . Defects involving >40 % of the articular surface often require arthroplasty [19] .
Generally, most of these techniques are surgically extensive and their outcomes often questionable. In particular, operations using tendon transpositions, as described by McLaughlin [20] or Hawkins [21] or humeral head derotation [22] often used in the past, are associated with a reduced range of motion. Therefore the aim of this feasibility study was to develop a minimally invasive procedure to restore the anatomical humeral head geometry as an innovative treatment option.
Methods
Six formalin-fixed cadaveric shoulders were used (mean age, 77 years) for biomechanical testing. Before testing, all humeral heads were scanned using 256-row multidetector computed tomography (MDCT) (Philips, Best, The Netherlands), using a high spatial resolution protocol (in-plane resolution 0.25 mm, slice thickness 0.6 mm, edge enhancing bone reconstruction kernel) to assess original geometry ( Figs. 1 and 2 ). The specimens were attached to a clamp and an impression fracture was created using a metal punch. Using this setup, we always achieved a Calandra type III lesion [9, 23] . Afterwards, we examined the impression fracture for size in an MDCT scan, as described above, and measured fracture dimension in 15 consecutive 2-mm-thick slices, reformatted perpendicular to the humeral shaft axis. These prepared humeri were potted into metal cylinders and positioned under the C arm so that the fractured circumference could be seen in an axial view (Fig. 3) . The approach through the greater tuberosity ( Fig. 2 ) was chosen to benefit from the most stable osseous region of the humeral head during the osteoplasty. We modified the standard kyphoplasty cannula for our purpose so that the cannula was fenestrated and balloon positioning was easy to handle ( Fig. 1) . After cannula placement, the balloon was inserted under C-arm control and softly inflated (Fig. 3) . We used the KyphX Xpander® (Kyphon/Medtronic, Memphis, TN, USA) balloon catheter and inflated the device to a maximum of 120 psi with amidotrizoic acid (Gastrografin, Schering, Berlin, Germany) (Fig. 4) . After smooth reduction, beginning from the centre, the balloon was deflated and rotated to reach the lower and later the upper parts of the fracture. We inflated/deflated repeatedly per position because we have found that in reducing tibial plateau fractures, fracture reduction needed time for the impacted bone to find its way back to its anatomical position. After reduction, we evaluated results using another MDCT scan and calculated the remaining Hill-Sachs lesion in cubic millimetres using IntelliSpace Portal™, Philips Healthcare®, Best, The Netherlands.
Statistical analysis
Statistical analysis was performed using the software package SPSS (version 19, IBM, Somers, NY, USA). All data were tested for normal distribution and compared using t tests. The level of significance was set at P<0.05.
Results
Humeral head volume (formalin-fixed samples, n06) was calculated using a CT scan with a mean of 39.130 ± 6,577 mm ). Impression fracture size was a mean of 3.6 % of total humeral head volume, ranging from 1.6 % to 5.4 %. All lesions could be graded according to Calandra et al. [9] as grade III lesions. After lesion reduction using the balloon kyphoplasty system, mean lesion size was 282 mm 3 ± 191 (range 40-560 mm 3 ); thus an average of 80 % of the defect size was restored. Of note, the original contour of the humeral head was not extended in any of the cases. Using the t test for paired samples, we found a P value of 0.0007, which was highly statistically significant. Values of the sample pairs are reported in Table 1 .
Discussion
The Hill-Sachs lesion is associated with shoulder instability and recurrent dislocations [6, 7, 24] , which affect shoulder function and even the outcome after arthroscopic Bankart repairs [8] . If the lesion occupies a specific size and position on the humeral head, shoulder destabilisation occurs [25] [26] [27] . Sekiya et al. showed in their biomechanical work that even Hill-Sachs lesions affecting 12.5 % of the humeral head lead to glenohumeral-joint destabilisation [23] . Many Hill-Sachs lesions are overlooked or misinterpreted and their size underestimated-in part because treatment options are generally extensive and often technically demanding. Nevertheless, lesions comprising 20-40 %, or even more, of the articular surface require surgical intervention. Surgical options are many, and making the right choice is often difficult. Many techniques have been described to reduce the impression fracture, and the most popular surgical options are remplissage-i.e. capsulotenodesis to the humeral bony defect, which can be done arthroscopically [28] [29] [30] . Generally, the redislocation rate using the remplissage technique is low and ranges between 2 % and 6 % [30] , whereas a slight restriction in external rotation of approximately 10°appears. Boileau et al. [29] showed that this limited range of motion did not affect sports activity and that 90 % of patients were able to return to sports, although only 68 % at a preinjury level. Alternatively, defect filling with allografts as an osteochondral transplantation [31] is described in the literature, but larger case series evaluating this technique have not been published. We show in a preliminary cadaver feasibility study successful use of the kyphoplasty balloon system for reducing humeral head fractures. The kyphoplasty system has been used for many years in fracture treatment of vertebral bodies, and as its use has increased [32] , it is also increasingly popular to reduce other impression fractures [33] . Its extravertebral application is thus spreading and the technique has been described for reducing tibial plateau [33] , distal radius [34] , displaced calcaneus and even acetabular fractures [35] .
To our knowledge, we are the first to describe the use of kyphoplasty balloons for reducing humeral head impression fractures in a pilot cadaver study that shows an almost anatomical reduction can be achieved. The technique is easy to learn and instruments simple to handle, so that the reduction of Hill-Sachs lesions may become easier, with better outcomes.
We admit that this was only a laboratory study and that work is yet to be done in terms of clinical application. There are still several questions that must be answered, especially concerning the feasibility of the new technique under arthroscopic conditions and the matter of defect filling. It might be that the reduction itself is sufficient, as long as range of motion is limited to leave the defect unaffected for six weeks. Alternatively, defect filling with cancellous bone or bone substitutes might be superior to cement filling of the defect, particularly considering the generally young age of affected patients. The method does not restore cartilage damage but might help avoid future damage to the humeral head and recurrent shoulder dislocations. Though the lesions in our setting were relatively small, we have no doubt that larger lesions can be successfully treated using this new technique.
Conclusion
Fracture reduction, especially in mobile joints such as the shoulder, is always a challenge and demands highly trained and ambitious surgeons. With the minimally invasive surgical technique described here, reduction with less collateral damage and reduced patient convalescence is possible. Results of our laboratory study are promising and show an anatomical reduction of the impression fracture in all cases. 
